The molecular clock mechanism underlies circadian rhythms and is defined by a transcription-translation feedback loop. Bmal1 encodes a core molecular clock transcription factor. Germline Bmal1 knockout mice show a loss of circadian variation in heart rate and blood pressure, and they develop dilated cardiomyopathy. We tested the role of the molecular clock in adult cardiomyocytes by generating mice that allow for the inducible cardiomyocyte-specific deletion of Bmal1 (iCS⌬Bmal1). ECG telemetry showed that cardiomyocyte-specific deletion of Bmal1 (iCS⌬Bmal1 Ϫ/Ϫ ) in adult mice slowed heart rate, prolonged RR and QRS intervals, and increased episodes of arrhythmia. Moreover, isolated iCS⌬Bmal1 Ϫ/Ϫ hearts were more susceptible to arrhythmia during electromechanical stimulation. Examination of candidate cardiac ion channel genes showed that Scn5a, which encodes the principle cardiac voltage-gated Na ϩ channel (NaV1.5), was circadianly expressed in control mouse and rat hearts but not in iCS⌬Bmal1 Ϫ/Ϫ hearts. In vitro studies confirmed circadian expression of a human Scn5a promoter-luciferase reporter construct and determined that overexpression of clock factors transactivated the Scn5a promoter. Loss of Scn5a circadian expression in iCS⌬Bmal1 Ϫ/Ϫ hearts was associated with decreased levels of NaV1.5 and Na ϩ current in ventricular myocytes. We conclude that disruption of the molecular clock in the adult heart slows heart rate, increases arrhythmias, and decreases the functional expression of Scn5a. These findings suggest a potential link between environmental factors that alter the cardiomyocyte molecular clock and factors that influence arrhythmia susceptibility in humans. cardiac excitability; circadian; heart; ion channels; Scn5a; Na ϩ current CIRCADIAN RHYTHMS are approximate 24-h cycles in biology. These rhythms are present at the systems level, the tissue level, the single cell and molecular levels (16, 33, 34, 38) . There are several examples of circadian rhythms in the cardiovascular system, with heart rate, blood pressure, and substrate metabolism exhibiting distinct oscillations over time of day (12, 13, 40, 41) . The mechanism that underlies circadian function is the molecular clock. The molecular clock is defined, in a simple way, by a transcription-translation feedback mechanism that is composed of the core clock genes Clock, Bmal1, Per1, Per2, Cry1, and Cry2. CLOCK and BMAL1 are transcription factors that heterodimerize and activate transcription of Per1, Per2, Cry1, and Cry2. PER1, PER2, CRY1, and CRY2 form multimers in the cytoplasm of the cell, translocate to the nucleus, and act to inhibit CLOCK:BMAL1 function. This cycle takes ϳ24 h and is the fundamental mechanism underlying circadian rhythms. Components of the core clock have also been shown to regulate the expression of genes outside the clock mechanism, and these genes are designated as clock-controlled genes (CCGs). CCGs often encode transcription factors or proteins that control rate-limiting steps in cell physiology (42).
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Ϫ/Ϫ hearts was associated with decreased levels of NaV1.5 and Na ϩ current in ventricular myocytes. We conclude that disruption of the molecular clock in the adult heart slows heart rate, increases arrhythmias, and decreases the functional expression of Scn5a. These findings suggest a potential link between environmental factors that alter the cardiomyocyte molecular clock and factors that influence arrhythmia susceptibility in humans. cardiac excitability; circadian; heart; ion channels; Scn5a; Na ϩ current CIRCADIAN RHYTHMS are approximate 24-h cycles in biology. These rhythms are present at the systems level, the tissue level, the single cell and molecular levels (16, 33, 34, 38) . There are several examples of circadian rhythms in the cardiovascular system, with heart rate, blood pressure, and substrate metabolism exhibiting distinct oscillations over time of day (12, 13, 40, 41) . The mechanism that underlies circadian function is the molecular clock. The molecular clock is defined, in a simple way, by a transcription-translation feedback mechanism that is composed of the core clock genes Clock, Bmal1, Per1, Per2, Cry1, and Cry2. CLOCK and BMAL1 are transcription factors that heterodimerize and activate transcription of Per1, Per2, Cry1, and Cry2. PER1, PER2, CRY1, and CRY2 form multimers in the cytoplasm of the cell, translocate to the nucleus, and act to inhibit CLOCK:BMAL1 function. This cycle takes ϳ24 h and is the fundamental mechanism underlying circadian rhythms. Components of the core clock have also been shown to regulate the expression of genes outside the clock mechanism, and these genes are designated as clock-controlled genes (CCGs). CCGs often encode transcription factors or proteins that control rate-limiting steps in cell physiology (42) .
In the last 8 years, research has determined that most, if not all, cells in the body have circadian clock mechanisms (5, 42, 48, 56) . Sophisticated studies using the circadian reporter mouse in which luciferase is knocked into the Per2 locus (mPER2:LUC) have allowed investigators to use bioluminescence recording in cell and tissue explants ex vivo to demonstrate that the circadian clocks in peripheral tissues are selfsustaining and can function in a cell-autonomous manner. While the circadian clock has been shown to exist in the heart and other peripheral tissues, we are only just learning what role it plays in cellular function.
Studies in mice and hamsters in which the circadian clocks, in all tissues, are disrupted have provided important data suggesting links between disruption of the molecular clock and cardiac pathology with end points including altered systolic ventricular function, cardiac hypertrophy, and arrhythmogenic events (28, 32, 36, 37) . These studies, however, do not distinguish between the role of the clock mechanism in the heart versus the disruption of the central clock. This requires the targeted cardiomyocyte-specific disruption of the molecular clock and, at this stage, there are only two studies that have used this approach (18) . In these papers, heart-specific disruption of the molecular clock was accomplished either through overexpression of a mutant CLOCK protein or through targeted deletion of Bmal1. These studies show that disruption of the molecular clock in cardiomyocytes is sufficient to induce significant reductions in heart rate across all times of day, alter substrate metabolism, and contractile function (12, 18) .
The purpose of the present study was to use an inducible cardiac-specific deletion of the core clock gene Bmal1 in mice to identify downstream molecular target(s) and cellular pheno-types. 1 Echocardiography showed that deletion of Bmal1 resulted in no significant structural or functional changes when compared with control; however, ECG recordings demonstrated prolonged RR and QRS intervals and episodes of premature beats and pauses not seen in control mice. These changes persisted in an ex vivo working heart preparation, suggesting that they reflect a modification in the intrinsic properties of heart. A screen of candidate cardiac ion channel genes in control hearts showed that Scn5a, the major contributor to Na ϩ current (I Na ) in ventricular myocytes, followed a circadian pattern of expression, and this pattern was lost in hearts after the deletion of Bmal1. In addition, in vitro analyses showed that the human Scn5a promoter-reporter exhibited a circadian pattern of luciferase activity in C2C12 cells, and it was transactivated by the overexpression of BMAL1 and CLOCK. Importantly, voltage-gated Na ϩ channel (Na V 1.5) expression and macroscopic I Na were significantly reduced in the cardiomyocytes after the deletion of Bmal1. Together, these data demonstrate that the cardiomyocyte molecular clock plays a direct role for intrinsic cardiac arrhythmia susceptibility and the functional expression of Scn5a. We conclude that genetic, extrinsic, or environmental factors that disrupt the molecular clock in the heart likely have implications for arrhythmia susceptibility.
MATERIALS AND METHODS
Inducible deletion of Bmal1 in adult cardiomyocytes. All animal procedures were conducted in compliance with the guidelines of the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and were approved by the Institutional Animal Care and Use Committee of University of Kentucky. The inducible mouse model [inducible cardiac-specific ⌬Bmal1 (iCS⌬Bmal1)] for these studies was bred by crossing the floxed Bmal1 mouse and the cardiac-specific MerCreMer recombinase mouse (Myh6-MerCreMer) (4, 49) . The floxed Bmal1 mouse has loxP sites flanking exon 8 and is indistinguishable from wild-type (WT) C57Bl/6 mice. Breeding with the cardiac-specific inducible Cre-recombinase mouse generates offspring that will undergo selective deletion of the bHLH domain of Bmal1 in cardiomyocytes after tamoxifen administration. This inducible animal model allows us to study loss of BMAL1 function in adult cardiomyocytes. Cardiac-specific inducible Bmal1 Ϫ/Ϫ mice (iCS⌬Bmal1 Ϫ/Ϫ ) were generated as follows: The Bmal1 flox/flox female was crossed with the cardiac-specific Cre-recombinase male. This yielded an F1 generation of cardiac-specific Cre ϩ/Ϫ ;Bmal1 ϩ/flox mice. Breeding the F1 generation males to the Bmal1 flox/flox females resulted in the cardiac-specific Cre ϩ/Ϫ ; Bmal1 flox/flox mice needed for this study. Cre-recombination was activated once the mice reached 12 wk of age by intraperitoneal injections of tamoxifen (2 mg/day) for 5 consecutive days. The concentration and duration of the tamoxifen injections used have been shown to cause effective cardiomyocytespecific recombination without any obvious long-term (Ͼ6 wk) tamoxifen toxicity as assessed by changes in the structure, function, and ECG (data not shown) (8, 20, 24) . Parallel control mice (iCS⌬Bmal1 ϩ/ϩ ) were generated by injecting Cre ϩ/Ϫ ;Bmal1 flox/flox mice with vehicle (15% ethanol in sunflower seed oil) instead of tamoxifen.
Recombination specificity. iCS⌬Bmal1 mice were treated with either vehicle or tamoxifen at 12 wk of age. Two weeks posttreatment, mice were anesthetized with isoflurane, and heart, diaphragm, liver, lung, abdominal aorta, brain, soleus, and gastrocnemius were collected and immediately frozen in liquid nitrogen for DNA and protein analysis. Genomic DNA was extracted from the above tissues using the DNeasy Blood and Tissue Kit (Qiagen). To assess recombination specificity, PCR was performed with tissue DNA and primers for the recombined and nonrecombined alleles as described by Storch et al. (49) . The forward and reverse primers for the nonrecombined allele were the same as the genotyping primers and yielded a 431 bp product. A second forward primer, 5=-CTC CTA ACT TGG TTT TTG TCT GT-3=, was included to detect the recombined allele, which showed a band at 572 bp (49) . The PCR reaction was run on a 1.5% agarose gel (0.0005% ethidium bromide) to visualize the DNA products.
Circadian collections. Sixty-four iCS⌬Bmal1 mice (mixed sexes) were housed in individual cages in light boxes and entrained to a 12:12-h light-dark cycle (L/D) for 14 days. Mice had ad libitum access to food and water. Following the 2-wk entrainment period, 32 mice were injected with vehicle and 32 with tamoxifen for 5 consecutive days, generating 32 iCS⌬Bmal1 ϩ/ϩ and 32 iCS⌬Bmal1 Ϫ/Ϫ mice, respectively. The light schedule was kept the same during injections and for the subsequent 14 days. Two weeks after the last day of injections, mice were released into constant darkness (DD) for 30 h. Mice were euthanized in darkness (dim red light), and heart and liver were collected every 4 h for 28 h (8 time points) and frozen for RNA and protein analysis.
Thirty-two Wistar-Kyoto (WKY) rats were maintained in 12:12-h light-dark cycles, then released into DD. Starting 30 h after entry into DD, heart from three WKY rats was collected every 4 h for 28 h under dim red light (Ͻ5 lux). The heart was removed from each rat and frozen in liquid nitrogen.
Electrocardiography telemetry. In vivo ECG telemetry (Data Sciences International: DSI) was used to evaluate changes in heart rate, RR, and QRS intervals before or after tamoxifen injection. Mice were anesthetized with isoflurane, and transmitter units (PhysioTel ETA-F10; DSI) were implanted in the peritoneal cavity under aseptic conditions. The two ECG leads were secured near the apex of the heart and the right acromion. Mice were housed singly and allowed to recover for 1 wk. Data were recorded for 24 h/day, for 3-4 days every 10 days up to 8 wk after vehicle or tamoxifen treatment. ECG data were collected and analyzed with DSI Dataquest ART4.1 telemetry software. We used a weighted heart rate approach similar to that used by Jeyaraj et al. (28) . Average heart rate was calculated for each hour using the Dataquest analysis software. Measurements of ECG parameters were made on three consecutive beats at the first time point in each hour to match the average heart rate for that hour. In addition, we used a custom program written in Matlab (Mathworks) to compute RR intervals. A combination of gradient and threshold method was used to compute RR intervals from the recorded ECG. Briefly, the recorded ECGs were numerically differentiated using a combined smoothening and differentiation filter and a threshold was applied to the absolute values of the differentiated signal to detect R waves. Manual visualization with editing was used to ensure correct detection. Histograms were computed for RR intervals ranging from 50 ms (minimum) to 150 ms (maximum) with a bin width of 10 ms. All RR intervals smaller (greater) than the lower (upper) bounds were included in the lowest and the highest bins.
Working heart preparations. Isolated ex vivo working heart preparations were produced from iCS⌬Bmal1 ϩ/ϩ and iCS⌬Bmal1
Ϫ/Ϫ mice as described previously (21) . Baseline conditions of 10 mmHg preload and 55 mmHg afterload were used. The working heart system was modified by an addition of ECG recording. A reference electrode was attached to the left atrial cannula, and a detecting electrode was attached to the surface of the ventricular apex. The heart was paced supraventricularly at 480 beats/min using an isolated stimulator (A365, World Precision Instruments) with the electrodes attached to the right atrium. Baseline rhythm was recorded, and stretch-induced arrhythmia (17, 30) was examined by increasing the preload from 10 mmHg to 12.5, 15, and 20 mmHg at a fixed afterload of 55 mmHg.
The ECG recorded from the surface of the heart did not detect clear P waves as those normally recorded in a standard body surface ECG. Therefore, our analysis focused on abnormal rhythms measured from QRS waves and corresponding left ventricle pressure curves. Taking advantage of constant supraventricular pacing, premature ventricular depolarizations or conduction block/delays are readily identified by changes in the RR interval. RNA isolation. Total RNA was prepared from frozen tissue samples using TRIzol (Invitrogen) according to the manufacturer's directions. RNA samples were treated with TURBO DNase (Ambion) to remove genomic DNA contamination. Isolated RNA was quantified by spectrophotometry ( ϭ 260 nm). First-strand cDNA synthesis from total RNA was performed with a mixture of oligo(dT) primer and random hexamers using SuperScript III First-Strand Synthesis SuperMix (Invitrogen). All isolated RNA and cDNA samples were stored at Ϫ80°C until further analysis. Real-time quantitative PCR using TaqMan (Applied Biosystems) assays was used to examine the gene expression of core-clock (Bmal1), clock-controlled (Dbp), and ion channel genes (Scn5a, Kcnd2, Kcnj2, Cacna1c, Ncx, Cxn43). The ⌬⌬CT method was used for the quantification of real-time PCR data in the circadian collections. Gene expression in each sample was shown as the relative value compared with the mean vehicle value in the heart. This enabled us to compare interorgan differences in the expression pattern/amplitude of each gene.
Cotransfection assays. Cotransfection assays to test the hScn5a promoter were performed following methods described by Wilsbacher et al. (52) , using the Period1 (Per1) reporter gene, 6.8Per1-Luc, as a positive control. The hScn5a promoter reporter plasmid was kindly shared by Dr. D. M. Roden (Vanderbilt Univ.,·Nashville, TN; 55). NIH/3T3 fibroblasts (American Type Culture Collection, Manassas, VA) were used because this cell type has been most commonly used to demonstrate transactivation of Per1 reporter gene by overexpression of BMAL1 and CLOCK (23, 29, 31, 52) . FuGene 6 was used at a 3:1 (vol/wt) ratio with the total amount of transfected DNA adjusted to 390 ng with empty pcDNA3.1 plasmid. Forty-eight hours after transfection, luminescence of the lysate (20 l) was measured using the Dual-Luciferase Reporter Assay System (Promega) in a Lumat LB 9507 (EG&G Berthold). Reporter gene expression (hScn5a-Luc or 6.8Per1-Luc) was assessed in triplicate under four conditions: 1) in the absence of expression vectors; 2) cotransfected with pcDNA3.1-mClock and pcDNA3.1-mBmal1; 3) cotransfected with pcDNA3.1-mBmal1 and pcDNA3.1-mClock ⌬19; and 4) cotransfected with pcDNA3.1-mClock and pcDNA3.1-mBmal1R91A (57) . The pRL null vector was cotransfected in each experiment to provide a control for variations in transfection efficiency. Scn5a is not endogenously expressed in NIH/3T3 fibroblast cells.
Bioluminescent analysis of circadian expression. The mouse C2C12 skeletal muscle cell line cells were transiently transfected with the luciferase-based reporter gene containing the human Scn5a promoter (hScn5a-Luc). Transfected cells (3 separate transfections) were grown in 35-mm dishes to confluence. Once the cells reached confluence, serum shock (50% FBS for 2 h) was used to synchronize the circadian clocks across the cells (9, 50, 51, 53, 57) . Following serum shock, cells were incubated in recording medium containing 0.1 mM luciferin in phenol red free DMEM with 5% fetal bovine serum (FBS) as previously described (53) . Bioluminescence was measured at 10-min intervals for 4 days using the Lumicycle (Actimetrics) (53) . Both raw and baseline subtracted data were analyzed for circadian characteristics including period and phase using Lumicycle Analysis software. The period length of luminescence for each reporter gene was calculated based on the distances between peaks or troughs over the 24 -60 h post-serum shock from the same three transfections. For these studies, the phase of expression was defined, by convention, as the time of the first peak 24 h after serum shock (9, 50, 51, 53, 57) .
Western blot analysis. Whole cell lysates were prepared from the left ventricle of frozen hearts from the 58 h in darkness time point (n ϭ 3-4/time point). SDS-PAGE (4 -15% separating gel, Bio-Rad) and immunoblotting were carried out with routine protocols. Affinitypurified NaV1.5 polyclonal antibody (Millipore) was visualized with IRDye-conjugated secondary antibody using the Odyssey system (Li-Cor). Each lane contained 50 g total protein. Normalization for loading and transfer was performed by simultaneously probing blots with the GAPDH monoclonal antibody (Ambion).
Adult cardiomyocyte isolation. Adult ventricular myocytes were isolated from the mouse heart as described previously at 6 -8 wk following injections to avoid any confounding effects of acute tamoxifen toxicity (8, 20, 24, 45) . Mice were anesthetized and hearts were rapidly excised and retrogradely perfused at 3 ml/min for 4 -8 min at 37°C with a Ca 2ϩ -free bicarbonate-based perfusion buffer containing (in mM) 113 NaCl, 4.7 KCl, 0.6 KH 2PO4, 1.2 MgSO4, 0.6 NaH2PO4, 5.5 glucose, 12 NaHCO 3, 10 KHCO3, 10 HEPES, 0.032 phenol red, 10 2,3-butanedione monoxime, and 30 taurine. The perfusion buffer was gassed with 95% O 2-5% CO2 for at least 30 min before use. Enzymatic digestion began with 0.25 mg/ml liberase Blendzyme (Roche), and 12.5 M CaCl2 was added to the perfusion buffer for ϳ13 min until the heart was swollen and pale in color. The heart was then cut from the cannula. Ventricular tissue was placed in a dish with enzyme buffer and gently dissociated for several minutes. After the addition of stop buffer (perfusion buffer containing 10% FBS and 12.5 M CaCl2), the dissociation continued until large pieces of heart tissue were gently dispersed into the cell suspension. Cells were allowed to sediment by gravity for 10 min, followed by centrifugation at 180 rcf for 1 min. Cells were resuspended in perfusion buffer containing 5% FBS and 12.5 M CaCl2. External Ca 2ϩ was added incrementally back to the solution to 2.0 mM.
Electrophysiology. Voltage-clamp was performed with an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA) and pClamp10 software (Axon Instruments). INa was recorded using the whole cell patch-clamp technique. Pipette resistances were Ͻ1.5 m⍀ and series resistance was compensated up to 95%. The electrophysiological recordings were carried out at room temperature with the following bath (extracellular) solution (in mM): 5 NaCl, 90 CsCl, 1 CaCl, 1.2 MgCl, 11 glucose, 10 TEA-Cl, and 5 HEPES (pH 7.3 set with CsOH). The pipette (intracellular) solution contained (in mM) 120 CsF, 20 CsCl, 10 EGTA, 10 TEA-Cl, 1 Na ATP, and 5 HEPES (pH 7.3 set with CsOH). The individual peak current-voltage (I-V) relations were described using the Boltzmann equation:
where Gmax is the maximal conductance, V½ is the voltage for half-maximal activation, and k is the slope factor (mV/e-fold change). To ensure adequate voltage control, only cells with a k Ͼ 4 mV/e-fold were used for analyses. Whole cell INa was measured from a holding potential of Ϫ140 mV, and cells were pulsed from Ϫ80 to 10 mV for 1 s in 10-mV increments.
Statistical analysis. Results are reported as means Ϯ SE. A twoway ANOVA was used to determine a significant interaction between factors (strain and time; strain and RR interval). If a significant interaction is detected, a Dunnett post hoc comparison was performed. JTK_CYCLE analysis was used to identify and characterize cycling measures in our data sets (26) using the R statistical package (version 2.12.1) to look specifically for 24-h rhythms. Briefly, JTK_CYCLE estimates the amplitude of the most probable period/lag combination by calculating the median sign-adjusted deviation from the median over the first complete cycle. For Western blot and electrophysiological analyses, unpaired t-tests were performed.
RESULTS

Characterization of the mouse model. The inducible, cardiacspecific Bmal1
Ϫ/Ϫ mouse strain (iCS⌬Bmal1 Ϫ/Ϫ ) was generated by breeding the cardiac-specific ␣MyHC-MerCre ϩ/Ϫ Mer (47) and the Bmal1 flox/flox mice (49) . Following vehicle (iCS⌬Bmal1 ϩ/ϩ ) or tamoxifen (iCS⌬Bmal1 Ϫ/Ϫ ) treatment, we characterized the recombination of DNA isolated from differ-ent muscle and nonmuscle tissues. This is the first inducible heart-specific genetic mouse model for Bmal1 disruption. These results are presented in Fig. 1A . Recombination of Bmal1 was cardiac specific and only seen following tamoxifen treatment, confirming the inducible, tissue specificity of these mice (47) .
We then carried out a circadian time course collection with vehicle and tamoxifen-treated mice. Heart (ventricular apex) and liver tissue from four iCS⌬Bmal1 ϩ/ϩ or four iCS⌬Bmal1
mice was collected every 4 h over a 28-h period, RNA was extracted, and real-time PCR was performed to determine expression of Bmal1. To evaluate function of the molecular clock, we also analyzed expression of Dbp, which is a welldefined direct transcriptional target of the molecular clock (referred to as a clock-controlled gene; CCG). The time course collection allowed us to calculate circadian oscillation, period length, and amplitude using JTK_CYCLE analyses (26) . Expression of Bmal1 oscillated robustly in the hearts of iCS⌬Bmal1 ϩ/ϩ mice with ϳ10-fold difference from peak to trough. Bmal1 expression oscillated in the hearts of the iCS⌬Bmal1 Ϫ/Ϫ mice, but the levels were reduced by ϳ50% (Fig. 1B) , which closely corresponds to the percentage of heart cells that are cardiomyocytes in mice (10) . Mean amplitudes with 95% confidence intervals as error bars are graphed in Fig.  1B . Expression of Dbp, a CCG, was antiphase to Bmal1, and levels were significantly decreased in the hearts of iCS⌬Bmal1 Ϫ/Ϫ mice. We also analyzed expression of Bmal1 and Dbp genes in the liver to validate the specificity of the mouse model system. The pattern and expression level of mRNA for each of these genes was not significantly different between iCS⌬Bmal1
Ϫ/Ϫ and iCS⌬Bmal1 ϩ/ϩ in liver tissue. These findings support the recombination data and show that inactivation of Bmal1 in cardiomyocytes results in significant disruption of the molecular clock mechanism and downstream clock-controlled genes in the heart leaving the liver molecular clock unaffected.
Because of concerns related to tamoxifen treatment in the heart, we evaluated heart structure and function using noninvasive echocardiography. As others have reported, we did see early changes in heart function (ejection fraction) following tamoxifen treatment, but cardiac function returned to control levels by ϳ4 days following tamoxifen treatment. No differences were detected in left ventricular mass, ejection fraction, or fractional shortening at the time selected for our study (data not shown).
Electrical activity in the iCS⌬Bmal1 Ϫ/Ϫ hearts. ECG telemetry probes were implanted in mice and data were recorded continuously for 4 -6 days. We first compared the heart rates and ECG properties from the iCS⌬Bmal1 ϩ/ϩ and iCS⌬Bmal1 Ϫ/Ϫ mice. While the circadian variation in heart rate was preserved in the iCSBmal1 Ϫ/Ϫ mouse ( Fig. 2A) , the average heart rate was slower (570 Ϯ 14 vs. 607 Ϯ 10 beats/min), the RR interval was longer (Fig. 2B , 107 Ϯ 2.8 vs. 99 Ϯ 1.9 ms), and the mean QRS complex was wider (Fig. 2C, 6 .9 Ϯ 0.8 vs. 7.9 Ϯ 0.1 ms; n ϭ 6). Together, these data demonstrate that disruption of the molecular clock slows heart rate and causes changes in ECG parameters.
To more closely investigate the effect that disruption of the molecular clock has on RR interval, we calculated the percentage of beats as a function RR interval during the light and dark phases for iCS⌬Bmal1 ϩ/ϩ and iCS⌬Bmal1 Ϫ/Ϫ mice (Fig. 3A) . iCS⌬Bmal1 ϩ/ϩ mice showed a decrease in the percentage of beats with RR intervals between 80 and 100 ms during the light phase but the iCS⌬Bmal1 Ϫ/Ϫ mice did not (Fig. 3A) . We also calculated the change in the percentage of beats as a function of RR interval over 24 h before and after the administration of vehicle/tamoxifen and disruption of the molecular clock (Fig.  3B) . Disruption of the molecular clock decreased the percentage of beats that occurred 80 -100 ms and increased the percentage of beats with RR intervals Ͼ150 ms (Fig. 3B) . The increased number of beats with RR intervals Ͼ150 ms reflected an increase in the number of pauses between QRS complexes. One of the powerful aspects of the mouse model is that we were able to evaluate the ECG recording before and after recombination in the same mice (pre-iCS⌬Bmal1 Ϫ/Ϫ vs. iCS⌬Bmal1 Ϫ/Ϫ mice). Although pauses were present in the ECG of pre-iCS⌬Bmal1 Ϫ/Ϫ mice (Fig. 3C) , the iCS⌬Bmal1 Ϫ/Ϫ mice experienced repeating episodes of pauses not seen in the ECGs prior to recombination or in the iCS⌬Bmal1 ϩ/ϩ mice. These repeating episodes of pauses are similar to the nodal arrhythmias reported in a mouse model of nodal dysfunction (25) .
As a complement to the in vivo telemetry, we tested for altered ventricular cardiac conduction using the isolated working heart preparation. Mechanoelectrical stimulation of the ex vivo heart provides a sensitive way to detect arrhythmia susceptibility (17, 30) . For example, stretching the myocardium by increasing the preload from 10 mmHg to 12.5, 15, and 20 mmHg increases the probability of conduction block as measured by changes in the RR interval (21) . Hearts were paced from the right atrium at a precise frequency of 8 Hz, so the corresponding RR interval was normally 125 ms (Fig. 4A) . Myocardial stretch of the iCS⌬Bmal1 Ϫ/Ϫ heart preparations showed they were much more sensitive to conduction block than the iCS⌬Bmal1 ϩ/ϩ hearts as evidenced by the increased presence of conduction block/delay with increasing preload (Fig. 4, A and B, and Table 1 ). This ex vivo working heart data suggest that disruption of the molecular clock increases the susceptibility to conduction arrhythmias. Ion channel expression profiles. The observation that loss of Bmal1 was associated with changes in the intrinsic electrical activity in the absence of structural change prompted the evaluation of the mRNA expression of several ion channels in the hearts of iCS⌬Bmal1 ϩ/ϩ and iCS⌬Bmal1 Ϫ/Ϫ mice. We selected genes for evaluation based on the following criteria: they are robustly expressed in both the human and the mouse ventricles; they are important regulators of the cardiac excitability; and changes in their expression and/or function are associated with clinically relevant cardiac arrhythmias. We A: 24-h heart rate measured using telemetry implants. Each point represents the half-hour moving average. Note the preservation of circadian rhythmicity and reduction in heart rate for the iCS⌬Bmal1 Ϫ/Ϫ mice. BPM, beats/min. B and C: average RR and QRS intervals measured from ECG telemetry traces. Note the reduction in heart rate and the trend for longer RR intervals in the iCS⌬Bmal1 Ϫ/Ϫ mice. *P Ͻ 0.05.
performed real-time PCR on the RNA from the time course series to analyze Scn5a, Kcnd2, Kcnj2, Cacna1c, Ncx, and Cx43. Using JKT_CYCLE analysis (scanning for period lengths from 22 to 26 h; P Ͻ 0.05), we determined that Scn5a, Kcnd2, and Kcnj2 were expressed in a circadian manner (Table 2 and Fig. 5A ) in the hearts of the iCS⌬Bmal1 ϩ/ϩ mice. We next evaluated whether the circadian patterns of expression were altered after loss of Bmal1 and found that the circadian expression pattern for Scn5a and Kcnj2 was lost in the iCS⌬Bmal1 Ϫ/Ϫ hearts. These data suggest that the cardiomyocyte molecular clock might regulate the expression of Scn5a and Kcnj2 in the hearts of the iCS⌬Bmal1 ϩ/ϩ mice. To test whether expression of Scn5a or Kcnj2 was circadian across a different rodent species, we analyzed mRNA expression from a time course collection of hearts from WKY rats (39) . We found that Scn5a, but not Kcnj2, was circadianly expressed in the hearts from WKY rats, suggesting a conservation across different species of the relationship between the molecular clock mechanism and expression of Scn5a (Fig. 5B) .
Thus, the remainder of the study focused on the link between the molecular clock and Scn5a expression and function.
Molecular clock regulation of Scn5a expression. To study the potential regulatory role of the molecular clock factors BMAL1 and CLOCK on Scn5a expression, we moved to an in vitro system. The 2.7 kb human Scn5a luciferase promoterreporter construct (hScn5a-Luc), characterized by Yang et al. (55) , was used in transfection experiments. The first experiment asked whether the 2.7 kb upstream region of Scn5a was sufficient to direct circadian expression in vitro. For this study, "serum shock," a technique used to synchronize the molecular clocks across all cultured cells (9, 50, 51, 53, 57) , was used. This was coupled with real-time bioluminescence recording collecting light emitted every 10 min for the length of the experiment, in this case, 3 days. The frequency of data collection (every 10 min) for the duration of the experiment (72 h) allows for a very robust statistical analysis of the circadian patterns of luciferase activity and this reflects the regulation of the hScn5a promoter. As seen in Fig. 6A , the hScn5a-Luc A: percentage of beats with the corresponding RR intervals separated by day and night for iCS⌬Bmal1 ϩ/ϩ and the iCS⌬Bmal1 Ϫ/Ϫ mice. B: percentage of beats with the corresponding RR intervals over 24 h separated for before (pre-iCS⌬Bmal1 ϩ/ϩ ) and after the administration of vehicle or before (pre-iCS⌬Bmal1 Ϫ/Ϫ ) and after disruption of the cardiomyocyte molecular clock. C: representative ECG traces recorded in the pre-iCS⌬Bmal1 Ϫ/Ϫ and the iCS⌬Bmal1 Ϫ/Ϫ mice. Mice normally experience isolated pauses, but the iCS⌬Bmal1 Ϫ/Ϫ mice showed episodes of pauses consistent with sinoatrial node arrhythmias (n ϭ 6 preiCS⌬Bmal1 ϩ/ϩ , iCS⌬Bmal1 ϩ/ϩ and n ϭ 5 pre-iCS⌬Bmal1 Ϫ/Ϫ , iCS⌬Bmal1 Ϫ/Ϫ ; *P Ͻ 0.05). reporter construct was sufficient to direct circadian expression of luciferase in the transfected C2C12 cells. (JTK_CYCLE, P ϭ 7.34 ϫ 10 Ϫ35 ). We next tested whether overexpression of the core clock factors CLOCK:BMAL1 in NIH/3T3 mouse fibroblast cells can transcriptionally activate the hScn5a promoter using transient transfection studies. NIH/3T3 fibroblasts were used because this cell type has been most commonly used to demonstrate transactivation of Per1 reporter gene by overexpression of BMAL1 and CLOCK (23, 29, 31, 52) . The Per1-Luc construct was used as a positive control and the pRL null vector provided a control for variations in transfection efficiency. Overexpression of CLOCK and BMAL1 transactivated both Per1-Luc and the hScn5a-Luc reporter gene threefold (Fig. 6B) . In contrast, overexpression of either of the dominant negative mutant forms of Bmal1 (Bmal1R91A) or Clock (Clock⌬19) did not induce transactivation of the hSch5a-Luc reporter (57) . Since all of the control and mutant Bmal1 and Clock cDNAs are expressed by the same plasmid (pcDNA3.1) these results indicate that Scn5a is a clockcontrolled gene since transactivation of hScn5a-Luc requires functional CLOCK and BMAL1.
C959 THE CARDIOMYOCYTE MOLECULAR CLOCK REGULATES
Na V 1.5 and I Na expression is altered in the iCS⌬Bmal
cardiomyocytes. Scn5a encodes the principle voltage-gated Na ϩ channel in the heart (Na V 1.5), which is responsible for Fig. 4 . Disruption of the cardiomyocyte molecular clock stretch-induced arrhythmias in the isolated heart. Stretch-induced conduction block was tested by increasing preload from 10 mmHg to 12.5, 15, and 20 mmHg in iCS⌬Bmal1 ϩ/ϩ or iCS⌬Bmal1 Ϫ/Ϫ hearts paced from the right atrium at 8 Hz. A delay in QRS is due to a delay/block of conduction. A: representative sequence of left ventricular pressure (LVP) and the corresponding ventricular depolarizations (QRS) from an isolated iCS⌬Bmal1 ϩ/ϩ heart. No conduction block was observed at preloads from 10 to 15 mmHg and only 2 out of 7 hearts showed atrioventricular block at a 20 mmHg preload. B: example of block followed by three wide QRS complexes generated from an ectopic foci (note the inversion of the QRS complex). The three wide QRS complexes following the supraventricular conduction block appeared to be generated from a similar source other than the supraventricular stimulus. The iCS⌬Bmal1 Ϫ/Ϫ mouse hearts showed conduction block at 12.5 mmHg and became more frequent at 15 mmHg preload (3 out of 6) and 20 mmHg (5 out of 6). Conduction block/delay is more common in iCS⌬Bmal1 Ϫ/Ϫ mice with increased preload. The occurrence of conduction block/delay in the iCS⌬Bmal1 ϩ/ϩ and the iCS⌬Bmal1 Ϫ/Ϫ in ex vivo working heart preparations is summarized as the number of hearts showing conduction block/delay over the total number of hearts tested for each group. Real-time PCR was performed on samples from a circadian time course collection using different animal models. Three to four samples were collected every 4 hr for a period of 28 h. Gene expression patterns were analyzed by JTK_CYCLE for circadian pattern of expression. WKY, Wistar Kyoto rats.
generating the action potential (AP) in cardiomyocytes and contributes to the conduction of the electrical impulse (3). The half-life of Na V 1.5 in adult cardiomyocytes is relatively long (up to 35 h) (35) , and as such, it is unlikely to follow a circadian pattern similar to the mRNA. However, we tested whether loss of circadian Scn5a expression was sufficient to alter Na V 1.5 levels. Western blot analyses of lysates generated from cardiac tissue from iCS⌬Bmal1 ϩ/ϩ and iCS⌬Bmal1
mice showed that near the end of the presumptive dark phase (58 h) the relative levels of Na V 1.5 were significantly reduced, ϳ50%, in iCS⌬Bmal1 Ϫ/Ϫ mouse hearts (Fig. 7A) . The observed changes of Na V 1.5 protein levels suggested that ventricular myocytes isolated from iCS⌬Bmal1 Ϫ/Ϫ mice might have less I Na when compared with ventricular myocytes isolated from iCS⌬Bmal1 ϩ/ϩ mice (Fig. 7, B and C) . We measured whole cell I-V relations of I Na from ventricular myocytes isolated near the end of the presumptive dark phase. The individual peak I-V relations were fit using a Boltzmann function to calculate the G max and V½ or k for I Na activation. The ventricular myocytes isolated from iCS⌬Bmal1 Ϫ/Ϫ mice had a smaller G max compared with the ventricular myocytes isolated from iCS⌬Bmal1 ϩ/ϩ mice (1.31 Ϯ 0.08 S/pF, n ϭ 12, vs. 1.82 Ϯ 0.14 S/pF, n ϭ 16, respectively, P Ͻ 0.05, Fig.  7D ). The mean V½ (iCS⌬Bmal ϩ/ϩ ϭ Ϫ48.9 Ϯ 1.5 mV,
Ϫ/Ϫ ϭ 5.6 Ϯ 0.3 mV/e-fold) was not different. These findings demonstrate that disruption of the cardiomyocyte molecular clock decreases Na V 1.5 protein levels and macroscopic I Na without affecting Na V 1.5 activation gating.
DISCUSSION
Transgenic mouse models that selectively disrupt the molecular clock in a tissue/cell-specific manner have begun to demonstrate the importance of a functioning molecular clock in individual cell populations in the context of a multicellular organ. Until recently, cardiac functions that exhibit a circadian pattern, like heart rate, were thought to be regulated more by extrinsic factors such as neurohumoral factors and less, or not at all, by intrinsic factors. We demonstrate that loss of Bmal1 in adult cardiomyocytes primarily results in an abnormal electrical phenotype, which consists of slower heart rates, prolonged RR and QRS intervals, sinoatrial nodal arrhythmias, and an increased electromechanical sensitivity to conduction block. The observation that disruption of the molecular clock altered the intrinsic electrical properties of the heart in the absence of systemic cues prompted us to focus on ion channel gene expression. We discovered that Scn5a exhibited a circadian pattern of mRNA expression. The combination of data from in vivo and in vitro assays suggests that Scn5a expression is under the regulation of the cardiomyocyte molecular clock. Cardiomyocyte-specific loss of Bmal1 resulted in a loss of the circadian expression of Scn5a, a reduction of Na V 1.5 levels, and decreased macroscopic I Na .
Consistent with previous reports, our data suggest that the cardiomyocyte molecular clock influences heart rate. A slower heart rate phenotype was also observed in mice engineered to overexpress a dominant negative CLOCK mutation in cardiomyocytes (14, 19) .
Similar to iCS⌬Bmal1
Ϫ/Ϫ mice, the day and night variation in heart rate was blunted in CLOCK mutant mice. However, unlike the CLOCK mutant mice, our data suggest that iCS⌬Bmal1 Ϫ/Ϫ mice have increased arrhythmia susceptibility. The observation that the increased arrhythmia susceptibility persists in iCS⌬Bmal1 Ϫ/Ϫ hearts ex vivo, in the absence of acute neurohumoral influences, suggests that the cardiomyocyte molecular clock can directly contribute to arrhythmia susceptibility.
Only recently has the molecular clock been suggested to modulate the arrhythmogenic properties of the heart. Jeyaraj and colleagues (28) recently showed that Kcnd2, which encodes the pore-forming subunit for the fast component of the transient outward K ϩ current (I to,f ), exhibits a circadian pattern of expression, and this pattern was disrupted in the hearts of germline Bmal1 knockout mice. In agreement with their findings, our screen of candidate cardiac ion channel genes also showed that Kcnd2 followed a circadian pattern of expression in iCS⌬Bmal1 ϩ/ϩ hearts. However, the circadian pattern of Kcnd2 was not disrupted in iCS⌬Bmal1 Ϫ/Ϫ hearts, which suggests that the central clock, rather than the cardiomyocyte molecular clock, might regulate the circadian expression of Kcnd2 via neural and/or humoral factors. This raises the intriguing possibility that cardiomyocyte and central clocks can independently regulate the circadian expression of different cardiac ion channels.
The addition of a temporal component to the regulation of Scn5a expression by the cardiomyocyte molecular clock is an exciting new finding. Studies that have generated Scn5a knockout mice show that only the heterozygotes are viable (Scn5a ϩ/Ϫ ) and their cardiac phenotypes are qualitatively similar to the iCS⌬Bmal1 Ϫ/Ϫ mice. They show a ϳ50% reduction in I Na , slower heart rates, and sinoatrial node conduction blocks, and the isolated hearts have an increased susceptibility to arrhythmias (43) . The iCS⌬Bmal1 Ϫ/Ϫ show a 30% reduction in Na conductance, slower heart rates, sinoatrial node arrhythmias, and conduction block. Although both of these models show that mice can readily tolerate relatively large changes in I Na , many human patients cannot. Some patients with loss-offunction Scn5a mutations or who have cardiac lesions that decrease I Na are at increased risk for ventricular fibrillation (1, 2, 6, 7, 15, 22, 46) . A dangerous decrease in I Na is predicted to promote reentrant arrhythmias in people by slowing cardiac conduction and enhancing the heterogeneity in cardiac repolarization. The small size and rapid heart rate of mice protect them against reentrant arrhythmias that can cause sudden death. Recent evidence suggests that the functional expression of Scn5a might vary from person to person. These differences are expected to contribute to variable ECG properties in the healthy population and likely underlie patient-specific risk for arrhythmias following mutagenic, myocardial (ischemic), or pharmacological insults that decrease cardiac I Na (11, 54, 55) . Studies have identified single-nucleotide polymorphisms (SNPs) in the Scn5a promoter that cause variable expression in vitro and are linked to patient-specific ECG changes in response to drugs that block I Na (11) . Moreover, family-based genetic findings suggest that the presence of SNPs in the Scn5a promoter appears to impact the severity of clinical phenotypes associated with loss-of-function Scn5a mutations (44) . As a whole, these studies suggest that transcriptional regulation of Scn5a is an important contributor to cardiac conduction variability and arrhythmia susceptibility in humans. Therefore, our finding that the molecular clock temporally regulates the functional expression of Scn5a might lead to the development of novel therapeutic strategies that manipulate the cardiomyocyte molecular clock.
Generally speaking, proarrhythmic myocardial substrates arise from any one or a combination of the following: fibrosis, hypertrophy, myofiber disorganization, and altered gap junction distribution (27) . Recent work from our laboratory demonstrated the presence of dilated cardiomyopathy in the germline Bmal1 knockout mouse (32) . These mice also demonstrated increased stretch-induced arrhythmia before any overt structural changes were observed (unpublished observations). These data suggest that myocardial substrate properties might be intrinsically regulated by the cardiomyocyte molecular clock and provide the foundation for future studies examining the role of the cardiomyocyte molecular clock in regulating the myocardial substrate.
In summary, cardiomyocyte-specific deletion of Bmal1 alters heart rate, arrhythmia susceptibility, and the functional expression of Scn5a. Identifying environmental or lifestyle factors that influence the cardiomyocyte molecular clock might provide insight into new strategies that can promote or protect against arrhythmias.
